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Abstract

A simple acoustic technique has been used to study the vapour-liquid critical

points of the reaction mixtures of hydroformylation in carbon dioxide.  The systems

CO2 + CO + H2 + propene and CO2 + CO + H2 + hex-1-ene have been investigated.

These two quaternary systems were measured by the pseudo-binary approach (i.e. the

ratio of alkene, CO and H2 being held constant).  The effects of the solutes (alkene, CO

and H2) on the critical points in the CO2-rich fluids are discussed.
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1. Introduction

There is increasing interest in the use of supercritical fluids (SCFs), particularly

supercritical CO2 (scCO2), as environmentally more acceptable solvents for reaction

chemistry [1].  At the same time, it has been discovered that SCFs can provide increased

control over reaction conditions and hence improved selectivity in the reaction itself [2].

A key factor in such SCF reactions is establishing whether a particular reaction mixture

is homogenous or multiphase, because phase separation can alter the outcome of the

reaction [3].  Despite this importance of phase behaviour, the critical points of relatively

few reaction mixtures have been measured [4].

In this paper, we describe the measurement of the critical points of mixture for

two different reactions in scCO2, namely the hydroformylation of propene (C3H6) and

hex-1-ene (C6H12).  Hydroformylation reactions are of considerable industrial

importance [5].  Most of the research in SCF hydroformylation has focus on the

reactions of n-alkenes, where the objective is to maximise the yield of the linear

aldehyde products, Eq. (1).

CO2

Catalyst
++ CO H2 +RCH2CH2CHORCH CH2 RCH(CHO)CH3

Linear Branched

(1)

Homogenous catalysis in SCFs has recently been reviewed in great detail [6].

The hydroformylation of propene in scCO2 was first reported by Rathke and co-workers

[7], and has since been studied by Akgerman [8].  Most recently the reaction has been

carried out using homogeneous catalysts immobilised on silica [9].  Hydroformylation

of higher alkenes has also been investigated by several groups [10, 11].  Here we use

hex-1-ene as representative of the heavier alkenes for the measurement of phase
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behaviour.  The supercritical hydroformylation of hex-1-ene has already been reported

by Cole-Hamilton and co-workers [12].

Although much effort has been devoted to the development of homogeneous

catalysts which are soluble in scCO2, we believe this is the first experimental study of

the reaction mixtures themselves.  The probable reason for this is that the reaction

involves quaternary mixtures (CO2 + CO + H2 + alkene) and measuring the critical

points of such mixtures by traditional methods is difficult.  We have used a somewhat

unconventional approach, measurement of the speed of sound. Over the past 4 years, we

have investigated the use of acoustic measurements for locating the critical points of

mixtures [13-16].  Strictly, the velocity of sound is only a minimum at the critical point

of a pure substance [17].  However, we have shown that, in practice, the minimum lies

very close to the critical points of binary and ternary mixtures; sufficiently close, in fact,

for the acoustic measurements to provide an experimentally acceptable estimate of the

critical point.  In this paper, we extend the experiment, for the first time, to quaternary

mixtures.

2. Experimental Section

2.1. Apparatus and the Method of Preparing Samples.

The measurements were made using an acoustic technique, which can be

regarded as a non-visual synthetic method [18].  The phase transition of a sample with a

constant overall composition can be detected by the changes of the sound velocity.  The

apparatus employed in this work has been described in detail elsewhere [13, 15].  The

acoustic cell is constructed from two Swagelok 1/4-inch-cross-pieces with the volume

of about 4 cm3.  An acoustic signal is provided by a pulse generator, which produces a 1

µs width ultrasonic pulse at a repetition rate of about 100 Hz.  The resulting signal is
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amplified and displayed on an oscilloscope, from which the transit time of the pulse

travelling between the transducers is obtained.  A high pressure pump is used to adjust

the system pressure to the desired value within ±0.01 MPa.  The acoustic cavity is

mounted in an insulated aluminium jacket, the temperature of which is controlled within

±0.1 K by a circulating water / glycol thermostat.  The pump and acoustic cavity are

held at the same temperature.

Samples of multicomponent mixtures were prepared as follows.  Initially, the

apparatus was purged with CO2 for 10 minutes.  A measured weight of the heavy

component, i.e., hex-1-ene, was added as a liquid to the cell by a syringe.  Then gases,

such as C3H6, CO and H2 were added from high pressure reservoirs. The amount of gas

was calculated from the pressure, temperature and total volume of the system.  The cell

and pump were kept at a constant, known temperature during this process.  Finally, CO2

was expanded into the system from a high pressure bomb.  The mass difference of the

bomb was used to determine the amount of CO2.  The fluid was compressed and

expanded inside the cell and pump for at least 6 hours to ensure adequate mixing of the

sample.  The temperature and pressure of the system were kept high enough to ensure

no phase separation occurred.  Before starting the measurement, the system was allowed

to equilibrate for 30 minutes at the desired temperature.  The time delay was measured

as a function of pressure along each isotherm.  The mixing procedure was repeated after

changing the temperature to guarantee that a homogeneous liquid phase was present

prior to any experiments.  The error for the composition of C3H6 / CO / H2 is essentially

due to pressure measurements, which is about ±0.01 MPa.  The error on the gravimetric

measurements was ±0.1 mg for hex-1ene and ±10 mg for CO2.
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2.2. Materials

Carbon monoxide (Air Products, purity 99.8%), propene, carbon dioxide and

hydrogen (BOC, purities of 99.8%, 99.99% and 99.995%, respectively) and hex-1-ene

(Aldrich, purity stated higher than 97%) were used as supplied.

3. Results and Discussion

3.1. Critical Points of ternary systems

Four ternary systems (CO2 + C3H6 + CO), (CO2 + C3H6 + H2), (CO2 + C6H12 +

CO) and (CO2 + C6H12 + H2) were investigated by the pseudo-binary approach.  The

molar ratio of alkene to CO or H2 was held at 1 : 1 for each mixture.  The ternary

critical data are given in Table 1.

Graphical representation of a ternary mixture is quite complicated.  The four key

variables i.e., temperature, pressure and the mole fractions of two of the components,

cannot be represented simultaneously in 3 dimensions.  Since our ternary systems have

been measured by the pseudo-binary approach, only three projections, P-xt, T-xt and P-T

of the critical lines are needed to represent experimental data, where xt is the total mole

fraction of solute (alkene + CO or alkene + H2).  Fig. 1 shows the critical lines for all

our ternary data.  The critical points for each pseudo-binary system lie on a continuous

line, which starts from the critical point of pure CO2 (see Fig. 1(b)).  Within the mole

fraction ranges studied here, it can be seen from Fig. 1(a) that the critical pressure for all

ternary systems increases with an increase of xt.  Also, Fig. 1(c) shows that the critical

temperature of two systems involving hex-1-ene increases as xt increases. However, the

critical temperature decreases with xt for the system (CO2 + C3H6 + CO) and it is only

slightly dependent on xt for the system (CO2 + C3H6 + H2).  For a given xt, both the

critical temperature and pressure of the mixtures with hex-1-ene are higher than those of
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the corresponding mixtures with propene.  Moreover, for a given alkene, the critical

temperatures and pressures of the ternary mixtures with H2 are higher than those with

CO.

3.2. Critical points of the quaternary system CO2 + C3H6 + CO + H2

Like the ternary systems, the critical points of the quaternary system were

determined by a pseudo-binary approach. For these systems, three substances (C3H6,

CO and H2) were regarded as a single pseudo-component and the molar ratio C3H6 : CO

: H2, was held constant throughout a particular series of measurements.  Our goal has

been to study the effects of the solutes i.e. C3H6, CO and H2 on the critical points of

CO2-rich fluids, especially the effects of the concentration of permanent gases (CO and /

or H2) in the pseudo-component (C3H6 + CO + H2).  Five series of mixtures with the

ratios 1 : 1 : 0.5, 1 : 1 : 1, 1 : 1 : 2, 1 : 0.5 : 1 and 1 : 1 : 2 (C3H6 : CO : H2) were studied.

The mole fractions of CO2 in the mixtures varied from 0.78 to 0.96.  The compositions,

critical temperature and pressure for each mixture are listed in Table 2.  It should be

noted that the critical temperature for these quaternary mixtures is lower than that of

pure CO2 (304.2 K), but the critical pressure is greater than that of CO2 (7.38 MPa).

Fig. 2 compares the critical points with the ratio of C3H6 to CO of 1 : 1 in the

pseudo-component (C3H6 + CO + H2).  The ternary data of CO2 + C3H6 + CO are also

depicted in Fig. 2.  The critical pressure not only increases with the increase of xt, but

changes with the ratio of H2, see Fig. 2(a).  In the most of cases, the more H2 in the

pseudo-component, the higher is critical pressure of the mixtures.  It can be seen from

Fig. 2(c) that the critical temperature is a function of xt, and it changes only slightly with

the ratio of H2 in the pseudo-component.
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Fig. 3 shows the experimental critical points when the ratio of C3H6 to H2 is

fixed at 1 : 1 in the pseudo-component and the mole fraction of CO is increased.  For

each ratio of CO in the pseudo-component, the critical pressure varies linearly with xt,

with a similar slope (Fig. 3(a)).  However, it can be seen from Fig. 3(c) that the critical

temperature is strongly dependent on the ratio of CO.  For example, the critical

temperature of mixtures with the ratio 1 : 2 : 1 (C3H6 : CO : H2) is lower than that of

pure CO2 (304.2 K); but the critical temperature is above 304.2 K for mixtures without

CO.

3.3. Critical points of the quaternary system CO2 + C6H12 + CO + H2

The same strategy was employed to study the quaternary system (CO2 + C6H12 +

CO + H2).  All data for this system are summarised in Table 3.  In contrast to the

corresponding C3H6 system, the critical temperatures of the mixtures are higher than

that of pure CO2 because the critical temperature is higher for pure hex-1-ene (504 K)

than for pure C3H6 (365 K).  Data for the ratios of C6H12 to CO of 1 : 1 and C6H12 to H2

of 1 : 1 in the pseudo-component (C6H12 + CO + H2) are shown in Figs. 4 and 5,

respectively.  The effect of CO or H2 on the critical pressure of this quaternary system

(Figs. 4(a) and 5(a)) is very similar to that in the propene system.  Furthermore, the

critical temperature decreases with an increase in the ratio of H2 at a given xt, as shown

in Fig. 4(c).  Again, the critical temperature of mixtures with high ratios of CO are

shifted to lower temperature compared to the critical temperature of the ternary system

(CO2 + C6H12 + CO) (see Fig. 5(c)).

Although six binary sub-systems are involved in the quaternary system (CO2 +

alkene + CO + H2), the binary systems containing CO2, i.e. CO2 + alkene, CO2 + CO

and CO2 + H2 are more important than the others because the mole fraction of CO2 in
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the mixtures studied here is higher than 0.8.  Fig. 6 shows the comparison of the

quaternary data with those for the binary sub-systems.  According to the study by

Haselden et al.[19], (CO2 + C3H6) shows Type I phase behaviour in the Konynenburg

and Scott classifications[20].  The critical points of the binary mixtures containing CO2

and either CO or H2 shift to lower temperature and higher pressure in the CO2-rich

region[21].  We find that the CO and H2 play a dominant role in the quaternary system

(CO2 + C3H6 + CO + H2) since the critical points shift significantly towards low

temperatures compared to the system (CO2 + C3H6).  The binary mixture (CO2 + C6H12)

is complete miscible at all compositions [22].  But relatively strong interaction between

molecules of hex-1ene and CO2 results in a pronounced pressure maximum on the

critical line.  This implies that both critical temperature and pressure are increased as the

mole fraction of hex-1-ene in the CO2-rich region.  It this case, the critical temperature

of the quaternary mixture with the ratio 1: 1: 1 (C6H12 : CO : H2) is higher than that of

pure CO2 and the critical pressure shifts to high pressure (see Fig. 6).  CO and H2 could,

therefore, be regarded as anti-solvent gases. Consequently, high operation pressures are

required to form a favourable homogeneous at the same temperature.

4. Conclusions

New measurements of the critical points of two quaternary systems associated

with the reaction mixture of the hydroformylation of propene and hex-1-ene are

reported. The experimental data provide the opportunity to examine the effects of

solutes (propene / hex-1-ene, CO and H2) on the critical points in CO2-rich fluids.

Furthermore, the data can be used to develop thermodynamic models to describe the

phase behaviour of hydroformylation near the critical point of reaction mixtures. We
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have also shown that the simple acoustic technique can be applied to measure the gas-

liquid critical points of multicomponent mixtures.

5. List of Symbols

C3H6 propene

C6H12 hex-1-ene

T temperature

P pressure

x mole fraction

xt total mole fraction of solute

Subscripts

c critical point
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Table 1 Critical points a for the ternary systems CO2(1)b + C3H6(2) + CO(3) c, CO2(1) +

C3H6(2) + H2(3), CO2(1) + C6H12(2) + CO(3) and CO2(1) + C6H12(2) + H2(3)

x2 x3 Tc / K Pc / MPa

CO2(1) + C3H6(2) + CO(3)

0.023 0.023 303.3 7.52

0.050 0.050 301.7 7.73

0.066 0.066 300.7 7.83

0.086 0.086 299.2 7.98

CO2(1) + C3H6(2) + H2(3)

0.029 0.029 305.0 8.36

0.052 0.052 305.4 9.06

CO2(1) + C6H12(2) + CO(3)

0.022 0.022 308.6   8.04

0.029 0.029 309.5   8.26

0.048 0.048 311.9   8.70

0.066 0.066 313.8   9.35

0.090 0.090 316.9 10.20

CO2(1) + C6H12(2) + H2(3)

0.026 0.026 312.4   8.89

0.039 0.039 316.1   9.61

0.068 0.068 320.6 10.98

a Error for Tc and Pc are ±0.3 K and ±0.04 MPa, respectively. b The figure in

parentheses is the component number of compound which precedes it.  c x2 : x3 = 1 : 1.
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Table 2 Critical points a for the quaternary system CO2 + C3H6 + CO + H2

xC3H6
xCO xH2

Tc / K Pc / MPa

xC3H6
 : xCO : xH2

= 1 : 1 : 0.5

0.024 0.024 0.012 302.4 7.92

0.034 0.034 0.017 301.6 8.24

0.057 0.057 0.029 299.6 8.73

0.071 0.071 0.036 298.6 9.12

xC3H6
 : xCO : xH2

= 1 : 1 : 1

0.014 0.014 0.014 303.2 8.02

0.018 0.018 0.018 302.9 8.11

0.029 0.029 0.029 301.9 8.55

0.049 0.049 0.049 299.9 9.21

0.065 0.065 0.065 298.0 9.83

xC3H6
 : xCO : xH2

= 1 : 1 : 2

0.013 0.013 0.026 303.2  7.92

0.024 0.024 0.049 301.7  8.48

0.037 0.037 0.073 299.5  9.32

0.055 0.055 0.109 296.8 10.85

xC3H6
 : xCO : xH2

= 1 : 0.5 : 1

0.018 0.009 0.018 304.0 8.06

0.038 0.019 0.038 303.0 8.77

0.053 0.026 0.053 302.3 9.24

0.075 0.037 0.075 301.4 9.85

xC3H6
 : xCO : xH2

= 1 : 2 : 1

0.011 0.022 0.011 302.5 7.91

0.018 0.036 0.018 301.4 8.26

0.027 0.053 0.027 299.3 8.68

0.035 0.069 0.035 297.6 9.00

0.050 0.100 0.050 295.3 9.70

a Error for Tc and Pc are ±0.3 K and ±0.04 MPa, respectively.
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Table 3 Critical points a for the quaternary system CO2 + C6H12 + CO + H2

xC6H12
xCO xH2

Tc / K Pc / MPa

xC6H12
 : xCO : xH2

= 1 : 1 : 0.5

0.020 0.020 0.010 307.8   8.39

0.038 0.038 0.019 310.3   9.20

0.051 0.051 0.026 311.5   9.87

0.067 0.067 0.034 312.1 10.70

0.076 0.076 0.038 312.5 10.99

xC6H12
 : xCO : xH2

= 1 : 1 : 1

0.018 0.018 0.018 308.2   8.78

0.036 0.036 0.036 310.3 10.11

0.054 0.054 0.054 311.2 11.40

xC6H12
 : xCO : xH2

= 1 : 1 : 2

0.012 0.012 0.024 306.8   8.77

0.021 0.021 0.041 308.2   9.62

0.034 0.034 0.068 309.7 11.03

0.041 0.041 0.081 310.3 12.04

xC6H12
 : xCO : xH2

= 1 : 0.5 : 1

0.021 0.010 0.021 310.1   8.71

0.042 0.021 0.042 312.9   9.68

0.061 0.030 0.061 315.1 10.75

xC6H12
 : xCO : xH2

= 1 : 2 : 1

0.013 0.026 0.013 306.5   8.52

0.025 0.049 0.025 305.8   9.38

0.038 0.075 0.038 305.0 10.60

a Error for Tc and Pc are ±0.3 K and ±0.04 MPa, respectively.
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Figure Caption

Fig. 1. The critical points of the ternary systems at the fixed ratio x2 : x3=1:1 : (a) P-xt

projection, (b) P-T projection (c) T-xt projection. (!) (CO2 + C3H6 + CO), (") (CO2 +

C3H6 + H2) , (#) (CO2 + C6H12 + CO), ($) (CO2 + C6H12 + H2), ( ) curves fitted to

experimental data.

Fig. 2. The critical points of the quaternary system (CO2 + C3H6 + CO + H2) at the fixed

ratio of C3H6 to CO: (a) P-xt projection, (b) P-T projection (c) T-xt projection.  The

molar ratios C3H6 : CO : H2 are (!) 1 : 1 : 0, (") 1 : 1 : 0.5, (∆) 1 : 1 : 1, (◊) 1 : 1 : 2.

( ) curves fitted to experimental data.

Fig. 3. The critical points of the quaternary system (CO2 + C3H6 + CO + H2) at the fixed

ratio of C3H6 to H2: (a) P-xt projection, (b) P-T projection (c) T-xt projection.  The molar

ratios C3H6 : CO : H2 are (!) 1 : 0 : 1, (") 1 : 0.5 : 1, (∆) 1 : 1 : 1, (◊) 1 : 2 : 1. ( )

curves fitted to experimental data.

Fig. 4. The critical points of the quaternary system (CO2 + C6H12 + CO + H2) at the

fixed ratio of C6H12 to CO: (a) P-xt projection, (b) P-T projection (c) T-xt projection.

The molar ratios C6H12 : CO : H2 are (!) 1 : 1 : 0, (") 1 : 1 : 0.5, (∆) 1 : 1 : 1, (◊) 1 : 1 :

2.  ( ) curves fitted to experimental data.

Fig. 5. The critical points of the quaternary system (CO2 + C6H12 + CO + H2) at the

fixed ratio of C6H12 to H2: (a) P-xt projection, (b) P-T projection (c) T-xt projection.  The

molar ratios C6H12 : CO : H2 are (!) 1 : 0 : 1, (") 1 : 0.5 : 1, (∆) 1 : 1 : 1, (◊) 1 : 2 : 1.

( ) curves fitted to experimental data.

Fig. 6. Comparison of two quaternary systems with binary sub-systems.  (∆) (CO2 +

CO) [21], (×) (CO2 + H2) [21], (⋅ − ⋅ −⋅) (CO2 + C3H6) [19, 23-25], (◊) (CO2 + C6H12)

[22], (") (CO2 + C3H6 + CO + H2), (!) (CO2 + C6H12 + CO + H2), ( ) curves fitted to

experimental data.  The ratio alkene : CO : H2 = 1 : 1 : 1 in quaternary systems.
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